CD154 is necessary for mice to clear a Cryptosporidium parvum infection, but whether this ligand has to be expressed on T cells with specificity for C. parvum has not been determined. We infected DO11.10 (ovalbumin specific) T-cell receptor transgenic mice that had been bred to a RAG ؊/؊ background with C. parvum and found that the infection was cleared within 6 weeks, while RAG ؊/؊ controls were unable to clear C. parvum infection. Recovery was accompanied by an increase in the number of splenic T cells with the CD44 high phenotype that characterizes memory cells. To determine whether a C. parvum-infected environment sufficed to activate transgenic T cells, we reconstituted C. parvum-infected BALB/c SCID mice with DO11.10 RAG ؊/؊ splenocytes. Fecal excretion of C. parvum antigen ceased in the 12 weeks following the adoptive transfer, unless the mice were also injected with tolerizing doses of ovalbumin. DO11.10 T cells were found in the submucosa of C. parvum-infected, but not uninfected, BALB/c SCID hosts within 48 h of injection. The transferred DO11.10 T cells divided and acquired a CD44 high memory phenotype in C. parvum-infected, but not uninfected, recipients. DO11.10 splenocytes from CD154 knockout donors failed to clear a C. parvum infection, confirming a requirement for CD154 in recovery. In vitro, the DO11.10 cells did not proliferate in response to C. parvum antigen, and a tBlast GenBank search revealed no matches between the ovalbumin peptide and C. parvum DNA sequences. C. parvum-infected SCID mice given RAG ؊/؊ CD8 ؉ T cells with a Listeria-specific transgene did not recover from C. parvum infection. Our data suggest that antigen-nonspecific CD4 ؉ T-cell effector mechanisms in combination with the innate arm of the immune system are sufficient for the eradication of C. parvum infection.
Cryptosporidium parvum causes severe diarrhea and weight loss in immunodeficient subjects, including those with AIDS (13) and boys with CD154 gene mutations causing X-linked immunodeficiency with hyper-immunoglobulin M (IgM) (17, 20) , but healthy adults have little if any symptomatology (9) . T-cell-deficient mice fed C. parvum oocysts are infected first in the gut and some 6 weeks later in the intra-and extrahepatic biliary tree (29) . Previous studies showed that C. parvum-infected SCID mice would clear the C. parvum infection if they were reconstituted with CD4 T cells (22, 24) and that recovery was impaired by antibody to gamma interferon (IFN-␥) (7, 30) , interleukin 4 (IL-4) (2), and IL-12 (31) . Along with a requirement for major histocompatibility complex (MHC) class II expression (1) , it seems likely that CD4 responses are central to recovery from C. parvum infection. Whether the CD4 response is contingent on stimulation of C. parvum-specific T cells by a C. parvum peptide on a class II molecule, or whether bystander T cells of other specificities might suffice to clear a C. parvum infection, is not known. Our own results indicate that a T-cell activation molecule, CD154, is necessary for C. parvum defense, because mice lacking either CD154 or its cell surface receptor, CD40, do not clear C. parvum infection (8) . CD40 is a tumor necrosis factor-like receptor found primarily on B cells, macrophages, and dendritic cells. It transduces signals promoting upregulation of Bcl-2 (3) and isotype switching in B lymphocytes (19) , increased expression of adhesion and accessory (B7-1 and B7-2) molecules on macrophages (23) , and apoptosis of cells whose synthesis of antiapoptotic proteins such as Bcl-x is inhibited (33) . CD154 is transiently expressed on activated T cells. When ligated, CD154 may mediate an afferent signal through a tyrosine kinase (6) , resulting in increased IFN-␥ production (23) .
Whether CD154-CD40 interactions contribute to immunity to C. parvum by promoting T-cell stimulation (15) , by an action on macrophages (26) , through effector function on infected cells (27) , or by any combination of these pathways is not currently established. Our own in vitro data show that C. parvum-infected biliary epithelial cells detach and undergo apoptosis after ligation by a CD154 fusion protein (28) . These results raise the possibility that any source of CD154 could suffice to eradicate a C. parvum infection in T-cell-deficient mice. Preliminary studies in which C. parvum-infected SCID mice were treated with a CD154-CD8 fusion protein suggested that infection in the liver might be affected; however, these experiments were not pursued, because it was not possible to measure the in vivo distribution or persistence of the fusion protein. To test the hypothesis that T cells of an unrelated specificity might suffice to clear a C. parvum infection, we infected RAG Ϫ/Ϫ knockout mice expressing the DO11.10 Tcell receptor (TCR) for ovalbumin as a transgene. Since these mice recovered from C. parvum infection within 8 weeks, we looked for evidence of T-cell activation and a requirement for CD154 expression in a transfer model in which DO11.10 cells were injected into C. parvum-infected SCID mice. Here, we show that adoptive transfer of non-C. parvum-specific DO11.10 RAG Ϫ/Ϫ cells into C. parvum-infected SCID mice is sufficient to eradicate the infection.
MATERIALS AND METHODS
Mice. BALB/c SCID mice were purchased from Jackson Laboratories, and BALB/c RAG Ϫ/Ϫ mice were supplied by R. Gill. The C57BL/6 CD154 knockout mice (14) were supplied by R. A. Flavell, and the C57BL/6 CD40 knockout mice were supplied by H. Kikutani (19) . These and the C57BL/6 SCID mice were bred in our specific-pathogen-free mouse facility. The DO11.10 CD154
Ϫ/Ϫ mice were supplied by A. Abbas. All were housed in microisolater cages and received sterile food, water, and bedding. Eight milliliters of trimethoprim-sulfa antibiotic solution was added to drinking water on alternate weeks for Pneumocystis carinii prophylaxis. DO11.10 RAG Ϫ/Ϫ (Tg) mice were derived by back-crossing B6 DO11.10 Tg animals with BALB/cByJ RAG Ϫ/Ϫ animals through 11 generations, selecting for DO11.10 Tg animals that were also RAG Ϫ/Ϫ . Their CD4 ϩ cells have a TCR with specificity for an ovalbumin peptide in the context of H-2D (34) , and the cells express CD154 when activated. The C10.4 animals were generously donated by U. D. Staerz and R. E. Berg. Their CD8 T cells express a transgene with specificity for a Listeria peptide (5, 25) in the context of H2-M3. The conditions for animal care and experimentation were approved by the Institutional Animal Care and Use Committee.
Infection and testing for C. parvum. For infection with C. parvum, animals were transferred to a biohazard facility, where they remained until they were killed. C. parvum oocysts were obtained from McKesson Bioservices (catalog no. 1372) through the National Institute of Allergy and Infectious Diseases (NIAID) AIDS Research and Reference Reagent Program of the NIAID, National Institutes of Health. These oocysts were obtained from C. R. Sterling (4). They were washed in phosphate-buffered saline (PBS) to remove potassium dichromate buffer, then in sodium hypochlorite to reduce bacterial contaminants, and finally in PBS to remove bleach. Over 50% of these oocysts excyst after being washed in bleach and after incubation for 4 h at 37°C. Animals were infected by gavage once with 10 6 oocysts in 0.1 ml of Hanks balanced salt solution (HBSS). Feces were collected weekly and stored at Ϫ70°C until infection status was determined by fecal C. parvum antigen load by using a commercial C. parvum antigen enzyme-linked immunosorbent assay (ELISA) kit (Prospect-T; Alexon, Ramsay, Minn.). Feces were resuspended in the homogenization buffer supplied by the manufacturer overnight at 4°C before testing according to the manufacturer's instructions. Positive and negative controls were included with each ELISA run. C. parvum-infected SCID mice given ovalbumin received 0.5 mg in 100 l of PBS injected into the peritoneum (i.p.) three times on alternate days starting on the day following their reconstitution with DO11.10 cells. This dose is known to affect the survival of these cells following adoptive transfer (21) . Animals were euthanized by CO 2 inhalation (i) when they lost 15% of body weight or (ii) at 12 to 13 weeks after adoptive transfer of T cells. Tissues obtained at necropsy for routine histology were fixed in 10% buffered formalin and processed for paraffinembedded sectioning and hematoxylin and eosin (H&E) staining. Tissues for the identification of cells labeled with 5 and 6)-carboxyfluorescein succinimidyl ester [5(6)-FAM, SE] (CFSE) were frozen for sectioning.
Cell suspensions: preparation and transfers. Spleens were removed from euthanized animals immediately, and cell suspensions were prepared with HBSS. Clumps were removed with nylon mesh, and the cell suspension was adjusted to 10 8 /ml. One hundred microliters (10 7 cells) was injected where indicated into the peritoneal cavity. For tracking purposes, donor cells were fluorescence labeled before transfer. CFSE (catalog no. C-1311; Molecular Probes, Eugene, Oreg.), stored as a 10 mM stock solution in dimethyl sulfoxide, was diluted to 4 M in 10 ml of saline at 37°C, and 4 ϫ 10 7 lymphocytes were added in 10 ml of saline. After 10 min at 37°C, the cells were pelleted by centrifugation, resuspended in sterile HBSS, and injected i.p.
Dividing cells were identified by bromodeoxyuridine (BUdR) (Sigma, St. Louis, Mo. [catalog no. 9285]) incorporation. Mice were injected with 1 mg of BUdR i.p. 36 h after adoptive transfer of T cells and euthanized 12 h later. Gut tissue was fixed in 70% ethanol in water overnight and embedded in paraffin for sectioning. BUdR was localized by staining with antiserum followed by staining with a horseradish peroxidase-and diaminobenzidine-conjugated anti-goat antibody kit from Vector Labs (Burlingame, Calif. [catalog no. SK4100]).
Staining. For fluorescence-activated cell sorter (FACS) analysis, 10 6 spleen cells were spun down and resuspended in the presence of fluorochrome-conjugated antibodies to CD4 or CD8 (Caltag, Burlingame, Calif.) or biotinylated CD44 antibodies (Pharmingen, San Diego, Calif.) and incubated on ice for 30 min. Biotinylated antibodies were followed by addition of phycoerythrin-avidin (Molecular Probes). The cells were washed twice and fixed in 1% paraformaldehyde before being viewed on an EPICS Elite cytofluorograph. CFSE-stained cells were identified in frozen sections by fluorescence microscopy with a Leitz microscope with incident UV light and transmitted phase-contrast optics. Images were captured with a Spot camera (model 1.3.0; Diagnostic Instruments, Sterling Heights, Mich.) and processed with Adobe PhotoShop software.
In vitro lymphocyte stimulation. Spleen cells suspended in RPMI 1640 with 10% fetal calf serum were cultured at 10 6 cells/ml in 0.2-ml aliquots in triplicates either alone (as an unstimulated control), with 1 g of concanavalin A (ConA) per ml, or with 10 5 C. parvum sporozoites excysted and filtered as described previously (12) . Cultures were pulsed for 8 h with 1 Ci 
RESULTS

Recovery of DO11.10 RAG
؊/؊ Tg mice from C. parvum infection. Five DO11.10 RAG Ϫ/Ϫ Tg mice were infected by gavage once with 10 6 C. parvum oocysts. Six BALB/c RAG Ϫ/Ϫ mice were similarly infected as controls. The increased stool C. parvum ELISA optical density (OD) of these animals 10 days later confirmed that infection had occurred (Fig. 1) . The sub- H&E-stained sections of gut and gall bladder were examined to confirm that C. parvum was eliminated from the bile ducts of the animals whose ELISAs became negative. Examples of the histology show organisms on the gall bladder epithelium of unreconstituted SCID mice (Fig. 4a) . Mice given either control BALB/c spleen cells (Fig. 4b) or DO11.10 cells (Fig. 4c) are free of C. parvum. Gall bladder epithelium of mice given the C10.4 Tg cells remained infected (Fig. 4d) , as did the DO11.10 a Results are the mean cpm Ϯ 1 standard deviation of triplicate wells for groups of two to four mice cultured for 3 days with 1 g of ConA per ml or for 5 days with 1 mg of ovalbumin per ml or 10 4 freshly excysted C. parvum sporozoites.
reconstituted SCID animals that were injected with ovalbumin (data not shown). Thymidine uptake proliferation assays were used to determine whether C. parvum could stimulate DO11.10 RAG Ϫ/Ϫ spleen cells. The results show that Tg cells obtained from DO11.10 mice that had recovered from C. parvum infection did not proliferate in response to C. parvum sporozoites, whereas they did respond to ovalbumin and to ConA (Table 1) . Spleen cells from a control mouse that had recovered from a C. parvum infection proliferated in response to C. parvum sporozoites. This suggests that there is no specific cross-priming of the ovalbumin-specific DO11.10 RAG Ϫ/Ϫ T cells by an antigen present in C. parvum sporozoites. A database search using advanced tBlast (ncbi.nlm.nih.gov) showed no similarities between the no. 324-339 ovalbumin peptide sequence and any apicomplexan nucleotide sequences.
C. parvum-dependent activation of DO11.10 RAG ؊/؊ cells in adoptive hosts. Spleens were recovered from mice at the time of necropsy. Detection of CD4 ϩ T cells by FACS showed that the Tg cells persisted after adoptive transfer (Table 2 ). FACS analysis demonstrated that, ex vivo, DO11.10 Tg CD4 ϩ spleen cells from uninfected animals do not stain for the memory cell marker CD44, also referred to as Pgp-1 (Fig. 2a) . Spleen cells from DO11.10 mice that have recovered from a C. parvum infection have increased levels of CD44 on both CD4 ϩ and CD4 Ϫ cells (Fig. 2b) . Substantially higher expression of CD44 was seen on DO11.10 CD4 ϩ T cells from the spleens of reconstituted SCID animals that have recovered from a C. parvum infection (Fig. 2c) , while DO11.10 cells injected into uninfected SCID mice retained a CD44 low phenotype (not shown). Additional evidence for activation of DO11.10 cells in C. parvum-infected mice came from cell membrane fluorescence labeling. Few CD4 ϩ cells labeled with CFSE were recovered from the spleen and lymph nodes obtained from uninfected recipients 6 days after transfer of labeled DO11.10 spleen cells (Fig. 5c) , and their fluorescence profile does not separate into individual peaks. Four to eight times more lymphocytes were recovered 6 days after transfer from the spleen and lymph nodes of C. parvum-infected mice (Fig. 5b) . The fluorescence profile of these CFSE-labeled cells shows several peaks that are of reduced intensity compared with those of the cells before transfer (Fig. 5a ). This separation into peaks indicates that the CFSE-labeled spleen and lymph node cells had gone through one to two cycles of cell division.
Proliferation studies using CFSE-and BUdR-labeled cells were employed to determine whether or not the adoptively transferred DO11.10 RAG Ϫ/Ϫ T cells were detectable in the gut. Thirty-six hours after CFSE-labeled DO11.10 RAG Ϫ/Ϫ splenocytes were injected into infected or control SCID recipients, the recipients were injected with BUdR. The mice were necropsied 12 h later. Frozen sections of small bowel from uninfected control recipients did not contain CFSE-labeled cells (Fig. 6a) . However, CFSE-positive cells were found in the small intestinal submucosa of C. parvum-infected recipients (examples from two mice are shown in Fig. 6b and c) . When paraffin-embedded sections from uninfected mice were stained with anti-BUdR antibody, only epithelial cells in the crypts became labeled (Fig. 6d) . BUdR staining of gut from infected animals showed an additional population of labeled mononuclear cells beneath the crypts in the C. parvum-infected recipients (Fig. 6e) . These labeled cells have the same location as the CSFE-labeled cells identified by fluorescence microscopy.
DISCUSSION
SCID mice are unable to rearrange antigen receptors on B and T cells, so they are unable to make specific immune responses. They generally do not clear C. parvum infections (as with the six controls injected with ovalbumin only) unless they are reconstituted with normal T lymphocytes (22, 24) . The general persistence of C. parvum infection in SCID mice implicates T cells in the elimination of C. parvum. Whether recovery requires the development of a population of C. parvumspecific effectors, or whether an antigen nonspecific effector function mediated by T cells is sufficient to clear the infection, has not previously been explored. Our observation that both a Groups of six BALB/c SCID mice were infected with C. parvum. Four weeks later, groups 2 to 4 were given 10 7 DO11.10 or control spleen cells by i.p. injection. The percentage of CD4 ϩ cells in spleen Ϯ 1 standard deviation was determined after necropsy by FACS analysis, 12 weeks after cell transfer. Groups 2 and 4 do not differ significantly, while group 3 is significantly lower than group 2 or 4 (P Ͻ 0.04). The DO11.10 RAG Ϫ/Ϫ Tg mice we infected cleared C. parvum within 8 weeks. These results were confirmed in adoptive transfer experiments, in which DO11.10 RAG Ϫ/Ϫ Tg T cells cleared a C. parvum infection from SCID mice in the 10 weeks following their adoptive transfer. This result suggests that DO11.10 cells are as efficient in mediating a response to C. parvum as the heterogeneous populations of CD4 T cells that are present in a mouse spleen. Although the adoptively transferred spleen cells were heterogeneous, it is likely that it was the T-cell component that was critical for the recovery of SCID mice from C. parvum infection. This conclusion comes from our finding that those SCID mice injected with ovalbumin to impair the function of the DO11.10 cells after their adoptive transfer did not eliminate the C. parvum infection. While formal evidence for tolerization of the transferred DO11.10 cells was not sought, the ovalbumin injections significantly reduced the number of T cells found in the spleen at necropsy. Antigen (ovalbumin) injections would be expected to affect only the number and function of the ovalbumin-specific CD4 ϩ T cells in the adoptive hosts. Current models would suggest that the ovalbumin injections may have stimulated activation-induced cell death (21) . Clearance of C. parvum infections by unreconstituted SCID mice has been reported, with diet as one variable (15), so negative controls are important for the interpretation of our study. These negative controls included the adoptive transfer of DO11.10 CD154 Ϫ/Ϫ spleen cells. This population of T cells was tested because a requirement for CD154 to clear C. parvum infections had previously been established (8) . We also tested C10.4 CD8
ϩ Tg mouse T cells (5, 25) , because these, in common with CD8 cells in general, do not express CD154 following activation. The persistence of C. parvum infection in the recipients of these cells and in C. parvum-infected SCID mice that were not reconstituted makes it unlikely that the handling of the mice or dietary factors were responsible for clearance of the infection. Furthermore, the evidence for clearing of the infection by the DO11.10 RAG Ϫ/Ϫ cells seems secure in that the ELISA is sensitive and was corroborated by histologic examination of gut and bile ducts. when injected into uninfected mice, whereas they acquired the CD44 high phenotype of memory cells (10) in C. parvum-infected SCID recipients. Given the diversity of the T-cell repertoire, the chance that there might be some cross-reactivity between C. parvum antigens and the ovalbumin peptide recognized by DO11.10 cells seems low. A GenBank database search revealed no similarities between the ovalbumin peptide sequence and any apicomplexan nucleotide sequences. The absence of an in vitro proliferative response by the DO11.10 cells (recovered from SCID mice after their C. parvum infection had cleared) to C. parvum sporozoites (when the response to ovalbumin was positive) also argues against a fortuitous cross-reaction or a superantigen-like effect. Perhaps C. parvum infection sufficiently alters the environment in the intestinal wall or gut-associated lymphoid tissue to activate costimulatory pathways that would allow even the low affinity that the TCR has for self-MHC to trigger a response. Alternatively, Tg T cells might be activated through one of the antigen-independent pathways that have been identified in vitro. Stimulation through pairs of CD2 antibodies is a familiar example (11) , but whether these in vitro phenomena have in vivo counterparts is not known. Whatever the mechanism for activation, the acquisition of the CD44 high phenotype by DO11.10 cells in the spleens of DO11.10 mice that had recovered from C. parvum infection and in C. parvum-infected adoptive transfer recipients suggests that C. parvum influences the behavior of T cells of unrelated specificities in the intestine. Perhaps DO11.10 T cells can traffic into the intestinal submucosa of infected animals. The uptake of BUdR by mononuclear cells in the submucosa of C. parvum-infected, but not uninfected, recipients is compatible with activation of the transferred cells to a level that resulted in proliferation. The accompanying reduction in CFSE staining per cell and the increase in CD44 expression are both consistent with the interpretation that the DO11.10 cells completed one or two cycles of cell division in the 6 days following transfer into C. parvum-infected SCID recipients. The C. parvum infection is likely to have contributed to this division, because the few adoptively transferred cells that were recovered from uninfected recipients had not divided. The mechanism for C. parvum elimination from the C. parvuminfected SCID mice is unknown, but it was likely to have involved CD154 expression by the DO11.10 cells. In this context, our previous studies have shown that adoptively transferred T cells need to be able to express CD154 to eradicate a C. parvum infection from SCID recipients (8) .
Specificity is one of the hallmarks of adaptive immunity, and in the context of the response to most pathogens, prior infection or immunization is necessary to stimulate the expansion of antigen-specific lymphocytes. Nevertheless, the susceptibility of human immunodeficiency virus-infected subjects to C. parvum appears to correlate with the total number of CD4 ϩ cells in the blood. While our results do not negate the possibility that this correlation is primarily with the number of apicomplexan-specific T cells, we do show that, in mice, T cells of unrelated antigen specificity can adoptively transfer the capacity to eliminate this opportunistic infection.
